A well-known problem with open-jet wind tunnels are low-frequency pulsations, which affect the flow quality and thus the quality of the measured data. This so-called wind tunnel buffeting is caused by large-scale vortices in the shear layer, which excite acoustic resonant modes of the wind tunnel circuit. This paper presents a novel approach to control lowfrequency pulsations by means of active flow control at the nozzle exit. The final setup consists of oscillated flaps which are actuated by electrodynamic shakers. Single-frequency sinusoidal signals and band-limited random signals were used for excitation. The oscillated flaps prevent the synchronization of vortex shedding with acoustic resonance by generating forced perturbations in the shear layer at a frequency that is different from the acoustic resonance.
INTRODUCTION
Many open-jet wind tunnels experience low-frequency periodic pulsations of flow velocity and pressure, usually referred to as "wind tunnel buffeting". In full-size automobile wind tunnels with 3/4-open jet the pulsation frequency is typically 2 to 15 Hz with pressure amplitudes of 110 to 130 dB re. 20 !Pa (corresponding to 6 to 60 Pa RMS). The frequency increases with -but is not proportional to -the wind velocity. Wind tunnel buffeting influences acoustic as well as aerodynamic measurements, it causes structural loads to the wind tunnel components, ducting and the building, and it can even limit the effective wind speed range of a facility.
There are well-proven means for suppression of the buffeting, e.g. Seiferth-wings [1] . They consist of vanes, tabs or teeth that protrude into the airstream at the nozzle exit and destroy the large-scale vortices. These devices generate flow noise and are therefore generally considered unacceptable in an aeroacoustic wind tunnel.
In recent years several papers have been published on wind tunnel buffeting [2] [3] [4] [5] [6] [7] [8] , and several methods for its reduction have been proposed, e.g. slanted collector designs [8] or active control of the return duct resonance [6] .
Although the pulsation frequencies can be predicted fairly well, the pulsation amplitude is not predictable. It is therefore not uncommon that severe buffeting is detected only after commissioning. Model-scale experiments with a complete and detailed representation of the tunnel -including the return duct -help minimizing the risk [6] , they are, however, costly and time consuming.
GENERATION OF WIND TUNNEL PULSATIONS
Although the mechanism of low-frequency wind tunnel pulsations is not yet fully understood, it is generally agreed that the energy is supplied by large-scale coherent vortex rings generated at the nozzle exit, which move downstream in the shear layer at approximately 65 % of the jet speed. In a free jet the frequency spectrum of the vortices is broadband with a maximum amplitude at a frequency f S :
f S is called the natural "Strouhal" vortex shedding frequency; it is a function of the flow speed U and the hydraulic diameter D h of the nozzle. The Strouhal number St depends on the jet length l. Along the jet, energy is transferred from small-scale, high-frequency vortices into large-scale, low-frequency vortices; the shear layer thickens. In consequence, f S and thus St decrease with the distance from the nozzle [8, 9] . For typical full-scale automobile wind tunnels with ¾-open jet the Strouhal number was found to be St 0.34 [6] .
When a vortex hits the collector, an acoustic pressurewave is generated. In the presence of a feedback mechanism, which links the vortex shedding at the nozzle to the acoustic waves, the vortex shedding frequency locks to the resonant frequency and the strength of the vortices and the pressure wave are heavily amplified. This becomes a self-sustaining mechanism, which is the major cause for buffeting. Two types of feedback mechanisms are described in the literature: (i) acoustic resonant modes of the plenum chamber or the return duct and (ii) the so-called edgetone-type feedback. 
with the speed of sound c = 340 m/s, the number of halfwavelengths in the pipe (mode order) n = 1, 2, 3,.. and the pipe length L. Equation (1), however, does not include the so-called end-correction, which for wind tunnels cannot be determined easily, because the two open ends are connected through the plenum. In wind tunnels with an aerodynamically optimized return duct an impedance mismatch -with respect to the ratio of the acoustical wavelength at the pulsation frequencies and the tunnel dimensions -occurs only at the nozzle and the collector. Thus, resonances of duct segments (e.g. backleg or cross legs) are unlikely to occur.
In the plenum chamber standing waves can develop between two opposite walls; the absorptive lining is without effect at the pulsation frequencies. The room resonances of the plenum chamber can be determined by equation (2):
with the mode order n x,y,z = 0, 1, 2,... and the dimensions of the plenum chamber L x,y,z . For typical full-scale automotive aeroacoustic wind tunnels plenum resonances are not important since the plenum dimensions are too small to correspond to the low frequencies generated by the Strouhal vortex shedding.
EDGETONE-TYPE FEEDBACK
The edgetone-feedback model assumes that the acoustic wave produced by a vortex impinging on the collector travels upstream towards the nozzle and triggers a new vortex. This type of feedback mechanism was investigated by Rossiter [10] for flow over cavities. Rossiter's theory has been applied to wind tunnel pulsations by several authors, e.g. Ahuja [11] Rennie [5] and Lacey [7] . Ahuja [11] concludes that the edgetonetype feedback is not important at Mach numbers less than 0.4. According to [5] the pressure fluctuations occur near the intersections of the acoustic resonances and the edgetone modes. The acoustic wave travelling against the flow through the plenum, however, has never been verified experimentally in wind tunnels.
NEW MODELS
From the Rossiter model Wickern [12] developed a theory to include the correct prediction of the influence of the test section length on the pulsation frequency, which is the major advantage of the Rossiter model. Wickern's theory assumes an instantaneous feedback between nozzle and collector via the standing wave in the duct.
A similar model is presented by Evert [13] . It is based on the assumption that in order to excite the acoustic resonance there must be an appropriate phase relation between the vortex leaving the nozzle and the excitation of the acoustic wave when the vortex hits the collector.
Both, the Wickern model and the Evert model explain the repeated occurrence of the same pulsation frequency at different wind speeds by a different number of vortices residing in the shear layer between the nozzle and the collector. Both models do not assume an edgetone-type feedback.
MEANS OF CONTROL
Several means of control have been suggested to suppress wind tunnel pulsations. The most widely used method are vanes, tabs or teeth ("Seiferth wings") that protrude into the airstream at the nozzle exit and destroy the large-scale vortex structure of the shear layer [1] . Another common method are breather slots in the collector. These two methods have been known for several decades. Lacey [8] reports that for certain test section geometries the use of slanted collector inlets can avoid buffeting. Stüber et.al. [14] suggest to shift the duct resonances towards higher frequencies by apertures in the duct wall which are covered by an elastic membrane. Wickern et. al. [6] describe an active system which has been implemented in the Audi aeroacoustic wind tunnel
It uses a big loudspeaker system to control the acoustic resonances of the return duct. Active control of wind tunnel buffeting has also been investigated in Russia [15] .
Most of those methods have specific disadvantages. Vortex generators produce high-frequency flow noise and thus are generally considered unacceptable in an aeroacoustic wind tunnel. The design of breather slots and slanted collectors usually requires time-consuming model-scale experiments. Because modifications to the collector usually also affect the pressure distribution in the test section, it can be quite a laborious job to find a geometry with good flow quality and sufficient reduction of buffeting. The Audi active system is very efficient but it is rather expensive and it requires a sophisticated control scheme [13] .
THE NEW APPROACH
The basic idea behind the new approach is to suspend the feedback loop by preventing the flow separation at the nozzle exit from responding to the acoustic waves. This is done by forcing vortex shedding at a frequency different from the feedback frequency. The idea was triggered by the literature on flow-induced cavity resonance. Several authors have investigated the reduction of cavity resonances by active control of the flow at the upstream separation edge. The techniques they applied were steady or pulsating mass injection [16, 17] , loudspeakers [18] and moving flaps [19, 20, 21] . A recent review of active control of flow-induced cavity oscillations is presented in [22] .
The purpose of this paper is to summarize the results obtained so far from an ongoing experimental study in the 1:4 scale model wind tunnel at IVK in Stuttgart. The paper is organized as follows. Following a description of the tunnel and the experimental setup, some results of the uncontrolled tunnel are described. This is done to help clarify some characteristics of the tunnel resonances. Next, our first attempts with a setup similar to the Audi system is briefly presented. Contrary to [6] , the loudspeakers were located at the nozzle exit. The steps leading to the current design of the FKFS-flaps are described. Finally the results of the present setup are discussed.
The present setup consists of comparatively small flaps which cover 1/3 of both vertical edges of the nozzle exit. The flaps are actuated by a very simple open-loop control system. The reduction of low-frequency pulsations and the influence of the flaps on pressure distribution in the test section and on force measurements are presented.
DESCRIPTION OF THE WIND TUNNEL AND THE MEASUREMENT EQUIPMENT
All For our tests the tunnel was prepared to deliver the highest possible buffeting levels. Modifications included the removal of the delta wings in the nozzle and closing the large breather openings in the collector.
The measuring equipment consisted of B&K 4165 ½" microphones with foam balls. The microphones observe the instationary pressure fluctuations at frequencies >2 Hz. Ziegler "Spectralys" and Müller-BBM "PAK" realtime signal analyzers were used for data acquisition. The data are presented as time-averaged narrow-band frequency spectra of the sound pressure level (SPL) in dB re. 20 !Pa.
INVESTIGATIONS OF THE PULSATIONS IN THE UNCONTROLLED TUNNEL

FREQUENCIES AND AMPLITUDES
In a first step the pulsation amplitudes were measured with empty test section at wind speeds from 120 to 280 km/h in steps of 10 km/h. This defines the baseline from which the optimization had to be done. The microphone was located out of flow in a corner of the plenum. This position was found to be the best available in terms of low background noise and high pressure level at the pulsation frequencies. Depending on the microphone position in the plenum the SPL values at the pulsation frequencies were found to vary by more than 10 dB and at specific frequencies even by up to 40 dB. It will be shown later that the extreme difference is caused by standing waves in the plenum. Table 1 . Fig. 4 shows some characteristic SPL spectra. As can be seen in Fig. 2 the major resonances in the IVK-MWT occur at Strouhal numbers between 0.45 and 0.55. In the Audi wind tunnel the according values were St = 0.25 to 0.40 [6] . This difference can be explained by the fact that the jet length is l = 3.0·D h in the Audi tunnel and l = 2.0·D h in the IVK-MWT. As mentioned earlier, the frequency spectrum of the flow instabilities, which are the driving forces of the pulsations, is shifted towards lower frequencies with increasing jet length. Thus, the pulsation frequencies in tunnels with a short jet tend to be higher than in tunnels with a long jet. It should be noted that the tunnel was heavily modified for maximum buffeting. The pulsations are much lower in the normal condition of the tunnel and have no impact on aerodynamic measurements.
∆ ∆
IDENTIFICATION OF MODE SHAPES
An investigation was carried out to identify the mode shapes which are associated with the tunnel pulsations. The shape of the sound field in the duct and in the plenum was analyzed by traversing a microphone across the plenum chamber and along the duct axis, respectively. A second microphone at a fixed position provided a phase reference. The measurements were carried out with and without flow. An exemplary result, showing the pressure field in the tunnel without flow, is presented in Fig. 5 . The spectra were obtained by sampling the sound pressure along the duct axis as shown in Fig. 6 . The loudspeakers shown in Fig. 10 were used to excite the tunnel circuit with broadband white noise. All duct modes except those with mode orders n = 1 and n = 10 are clearly visible in the shape of standing waves with a pressure minimum at the collector inlet. The phase relative to the fixed microphone (not shown in Fig. 5 ) reflects the characteristic behavior of standing waves: the phase value is either 0° or ±180° and a phase shift of 180° occurs at the location of the pressure nodes. The measured resonant frequencies differ slightly from the theoretical values.
This might be attributed to the end correction which is not accounted for in Equation (2).
The measurements were repeated at flow speeds with high pulsation amplitudes, namely 150, 210, 220 and 250 km/h. The loudspeakers were removed and the in-flow microphone was equipped with a nose cone. The results for 150 km/h, presented in Fig. 7 , show a pronounced standing wave at the duct resonance n = 5 with a maximum sound pressure level of 134 dB. At the other wind speeds no standing waves were observed in the duct. The phase curve at 39 Hz (not shown here), which was measured at a flow speed of 250 km/h, indicates a propagating acoustic wave travelling from the plenum into the collector. Analysis of the sound field in the plenum revealed thatunlike in the other wind tunnels which were investigated by the first author -room resonances of the plenum chamber play an important role in the IVK-MWT. This is probably because the plenum of the IVK-MWT is rather large compared to typical full-size automobile wind tunnels. The pulsations at 22 Hz were found to be caused exclusively by a strong standing wave between the plenum side walls with a nodal line slightly off the flow axis (compare Fig. 8 and Fig. 9 ). This caused the pulsations to be 180° out of phase at both sides of the nozzle (a phenomenon which caused the authors much concern when it was first discovered). The standing wave ratio -i.e. the level difference between node and antinode -in the plenum was 35 dB.
The identified mode shapes are summarized in Table 2 . Due to time restrictions, the sound field in the plenum at 39 Hz and 42 Hz with flow could not be investigated in detail. Thus, the mode shapes for those frequencies can only be conjectured. In all cases the agreement with the computed resonant frequencies in Table 3 is reasonably good. 
INITIAL STUDIES WITH ACTIVE FLOW CONTROL
A first attempt to control the flow separation at the nozzle exit was made using the setup shown in Fig. 10 . Loudspeaker enclosures of roughly triangular shape were installed on both sides of the nozzle with the vents aligned perpendicular to the nozzle exit plane. Four longstroke 15" loudspeakers were driven by a Crest CA9 power amplifier. A closed-loop control system similar to the Audi system described in [6] was used. It consisted of a microphone in the plenum which was connected to the power amplifier via a bandpass filter. The filter was used to adjust the phase between the microphone signal and the loudspeaker output. A Helmholtz tone at 300 Hz, which was produced by the flow over the loudspeaker vents, was eliminated by covering the vents with several layers of fly screen. The initial setup was tested at wind speeds of 140 to 170 km/h. The pulsation amplitude at 18 Hz could be reduced by 24 dB. When the system was activated the output voltage of the power amplifier was momentarily 10 V RMS ; it dropped to 3 to 5 V RMS when the system reached steady-state condition after a few seconds. The performance depended strongly on the setting of the filter frequencies and the loop gain. By shifting the filter cutoff frequency by 1 Hz the reduction at 18 Hz could be increased to 28 dB at the expense of a 10 dB increase (boosting) at 22 Hz. The optimum parameters for the control system were determined experimentally.
The initial tests showed that a performance similar to that of the Audi system can be achieved by controlling the flow at the nozzle exit. The next step was to cover the vents with a flexible membrane. Measurements at 150 and 190 km/h yielded reductions of 26 and 23 dB at 18 and 22 Hz, respectively. However, at 150 km/h a 10 dB boosting at 22 Hz was observed. The deflection of the membrane was 1.1 mm RMS maximum.
It was concluded that in principle a similar performance should be achievable with moving flaps at the nozzle exit. A first set of flaps 150 mm x 1,055 mm was installed, covering the entire side edges of the nozzle. The upper edge of the nozzle was left unaltered. The loudspeakers shown in Fig. 10 were used as actuators. Aluminum discs were glued to the loudspeaker membranes and connected to the flaps by means of thin pushrods. Measurements were performed at wind speeds from 140 to 280 km/h using the closed-loop control system described above. Although significant reductions of the dominant resonances were observed (e.g. 29 dB at 18 Hz / 160 km/h), on the whole the results were not satisfactory, because substantial boosting at other resonances was observed. Experiments using different microphone positions in the plenum and in the duct yielded no improvement. From gauging performance and feasibility it was concluded that flaps with open-loop control was the most promising approach. The size of the flaps, however, was considered to be rather large. The flap width of 150 mm corresponds to 5.8 % reduction of jet length. In view of an implementation in full-size tunnels, the inertia of the flaps was a major concern. As a consequence, a second set of smaller flaps were built with 350 mm height and 50 mm width, corresponding to 1/3 of the nozzle height and 1.9 % of the jet length, respectively. This final setupwhich was named FKFS-flaps by the authors -is shown in Fig. 11 ; an identical flap was installed on the opposite side of the nozzle.
PULSATION REDUCTION WITH THE FINAL SETUP
With the flaps installed but not actuated, the pulsation amplitudes and frequencies were measured and compared to the data obtained with the tunnel in basic setup (Fig. 2) . The differences were negligible, showing that the installation of the flaps without actuation has no influence on the pulsations.
Using an heuristic approach, several control signals were investigated. Performance was rated in terms of pulsation reduction and boosting at other frequencies.
Sinusoidal signals usually performed best at frequencies close to the pulsation frequency. At low flap amplitudes there was essentially no effect. Then, over a small change in flap amplitude, a dramatic reduction of the pulsation amplitude was achieved. A further increase in flap amplitude did not improve the performance. The SPL spectra show peaks at the excitation frequency and its harmonics, which were caused by the forced excitation of the shear layer. The levels increase with flap amplitude and flow speed. So far, our results with sinusoidal excitation confirm the observations of other authors which investigated the active control of cavity resonance [19, 21] .
Random noise signals required larger flap amplitudes than sinusoidal signals. On the other hand they yielded higher pulsation reduction and less boosting in the excitation frequency band. Random noise worked best with bandwidths up to 10 Hz. A further increase of bandwidth resulted in less reduction. It turned out that a sinusoidal excitation at 21.5 Hz with a flap amplitude of 12 mm (peak-to-peak, measured at the flap tip) yielded satisfactory performance over the whole tunnel speed range; the pulsation amplitude was reduced to maximum 111 dB over the whole velocity range. At some wind speeds, the performance could be improved even further by using band-limited random excitation with carefully selected parameters. When the signal parameters for each wind speed were adjusted for optimum performance, the maximum pulsation level over the whole tunnel speed range was 108 dB (corresponding to 5 Pa RMS). The reductions of the pulsation amplitudes, which were obtained with the optimum excitation for each wind speed, are given in Table 4 . SPL values vs. wind speed are shown in Fig.  12 . Figures 13 to 16 show SPL spectra at several wind speeds. The excitation used is specified in the captions.
At 160 km/h (Fig. 13 ) the standard excitation (i.e. sinusoidal 21.5 Hz, 12 mm flap amplitude) yield the best performance. The pulsation at 18 Hz is reduced from 130 to 101 dB. The pulsation at 39 Hz -which appears at 36 Hz at this wind speed -is completely removed. The peak at 21.5 Hz / 103 dB is caused by the forced perturbations from the oscillated flaps.
At 170 km/h (Fig. 14) two resonances at 18 Hz and 22 Hz with an amplitude of 122 dB show up simultaneously in the uncontrolled tunnel. Using the standard excitation the pulsations at 18 Hz could be reduced by only 13 dB. The resonance at 22 Hz was completely removed, but the forced perturbations at 21.5 Hz caused a SPL of 108 dB.
At 200 km/h (Fig. 15 ) the pulsation at 22 Hz is reduced from 134 dB to 111 dB with sinusoidal excitation. It is assumed that the peak at 21.5 Hz / 111 dB is not caused by the resonance, but rather by the forced excitation from the flaps. With random excitation the pulsation is reduced to 105 dB at the cost of a slight broad-band boosting at frequencies below 20 Hz.
At 280 km/h (Fig. 16 ) sinusoidal and random excitation work equally well in terms of reduction at 42 Hz. The forced excitation shows up as a peak at 21.5 Hz / 111 dB and as broad-band boosting at frequencies below 10 Hz and around 30 Hz, respectively Two more observations shall be communicated here without going into detail. (i) When a vehicle was installed in the test section with the tunnel in standard condition, the pulsation amplitude at 200 km/h dropped from 133 dB to 108 dB. A similar effect is described in [6] and in [23] . Probably the strong disturbance created by the vehicle destroys or deflects the coherent ring vortex in the shear layer, so that the strength of the vortex impinging on the collector is reduced.
(ii) Once the buffeting was eliminated by the action of the flaps it did not in all cases restart when the flaps were deactivated. This happened fairly often at several wind speeds. An example is shown in Fig. 17 . No explanation for this phenomenon is proposed. 
STATIC PRESSURE DISTRIBUTION AND FORCE MEASUREMENTS
It is generally known that wind tunnel buffeting falsifies the results of aerodynamic measurements. It has been shown in [6] that in the presence of buffeting the measured drag coefficient is 5 % too low and the measured lift coefficient is 10 % too high. This is attributed to an increased pressure build up at the collector caused by enhanced entrainment in the pulsating flow.
Investigations of force measurements and static pressure distribution are still in progress and only very few data have been acquired so far. In addition, the IVK-MWT is not really suited for this kind of study, because the tunnel had to be strongly modified to yield significant buffeting. Thus, the pressure gradient with the modifications is completely different from that in unmodified condition, see Fig. 18 . A pressure distribution like in the unmodified tunnel could not be expected with the activated flaps, because the breather openings (which in the IVK-MWT are very large compared to other wind tunnels) had to be closed in order to introduce maximum buffeting. Nevertheless, it should be noted that similar to the observations in [6] the pressure rise at the collector decreases when the flaps are activated. The pressure measurements were taken at a height of 175 mm, halfway between the lower edge of the flap and the tunnel floor. The correction formula for horizontal buoyancy published by Mercker et.al. [24] yields a drag difference of 9.6 counts (one drag count is Cd = 0.001) which is in good agreement with the offset of the Cd-curves for the uncontrolled and the controlled tunnel in Fig. 19 . This confirms that the horizontal buoyancy due to the different pressure gradients is indeed the main reason for the deviations in drag. This leads to the conclusion, that the oscillated flaps reduce the buffeting to a level that allows reliable aerodynamic measurements over the whole tunnel speed range (given that the change in the static pressure gradient is correctly handled).
Note that for the case of activated flaps, the dynamic head calibration is not valid any more. Therefore some effect might occur due to incorrect speed measurement; the value is assumed to be in the range of 0.5 to 1%. It should be noted in this context, that investigations in active control of flow-induced cavity resonance [19, 21] have shown that oscillated flaps have little or no effect on the mean velocity profile.
CONCLUSION
Analysis of the sound field in the tunnel circuit with and without flow revealed, that buffeting in the IVK-MWT is caused by standing waves in the return duct and by room resonances of the plenum chamber.
Oscillated flaps at the nozzle exit reduce buffeting to a measure that allows reliable aerodynamic measurements over the whole speed range. Pulsation amplitudes could be reduced by up to 29 dB. In controlled mode the maximum pulsation amplitude was 108 dB re 20 !Pa (5 Pa RMS), compared to 134 dB (100 Pa RMS) in the uncontrolled tunnel. A simple open-loop control system consisting of nothing but a function generator was used to drive the actuators. Single-frequency sinusoidal and band-limited noise signals were investigated, the latter yielding better results with respect to the reduction of pulsation amplitudes and boosting at the excitation frequency. Satisfactory performance for all wind speeds was achieved with a single setting of the control signal.
Due to the small space requirement and the simple design the oscillated FKFS-flaps are particularly suited for retrofit of existing wind tunnels.
Future investigations in the IVK-MWT and in the IVK fullscale tunnel will examine the influence of the flaps on velocity profiles and turbulence as well as the flow noise generated by the flaps. The flap geometry will be revised. It is planned to incorporate the flaps into the nozzle lip, thus avoiding flow noise from the flap edges.
